Drosophila Polycomb group (PcG) and Trithorax group (TrxG) proteins are responsible for the maintenance of stable transcription patterns of many developmental regulators, such as the homeotic genes. We have used ChIP-on-chip to compare the distribution of several PcG/TrxG proteins, as well as histone modifications in active and repressed genes across the two homeotic complexes ANT-C and BX-C. Our data indicate the colocalization of the Polycomb repressive complex 1 (PRC1) with Trx and the DNA binding protein Pleiohomeotic (Pho) at discrete sequence elements as well as significant chromatin assembly differences in active and inactive regions. Trx binds to the promoters of active genes and noncoding transcripts. Most strikingly, in the active state, Pho covers extended chromatin domains over many kilobases. This feature of Pho, observed on many polytene chromosome puffs, reflects a previously undescribed function. At the hsp70 gene, we demonstrate in mutants that Pho is required for transcriptional recovery after heat shock. Besides its presumptive function in recruiting PcG complexes to their site of action, our results now uncover that Pho plays an additional role in the repression of already induced genes.
Antennapedia ͉ Bithorax ͉ chromatin ͉ gene regulation ͉ HOX T he Polycomb (PcG) and the Trithorax (TrxG) group proteins form the basis of a cellular memory system maintaining the transcriptional state of their target genes heritable during development. Initially, identified in Drosophila as regulators of HOX genes, the chromatin-associated control by the PcG/TrxG proteins has been found to regulate a variety of target genes in many different organisms, up to epigenetic processes such as X chromosome inactivation in mammals. In Drosophila, the genes controlled by the PcG/TrxG system have PcG response elements (PREs) to which these proteins bind and either keep the gene permanently repressed (PcG) or active (TrxG). PREs are composed of a complex set of binding sites for proteins that seem to render a general target gene specificity to the PcG/TrxGcomplex as well as a tissue and temporal specificity (1) .
Three biochemically distinct PcG complexes have been identified from embryonic nuclear extracts (2, 3) . The Polycomb repressive complex 1 (PRC1) contains the four PcG proteins Polycomb (Pc), Polyhomeotic (Ph), Posterior sex combs (Psc), and dRing/Sex combs extra (Sce). PRC1 in vitro is able to repress transcription and inhibit the ATP-dependent chromatin remodelling mediated by the human SWI/SNF complex, a complex related to the Drosophila TrxG Brahma (BRM) complex (4) (5) (6) . The PRC2 complex contains the SET domain protein E(Z), which preferentially methylates histone H3 at lysine 27 (H3K27me3) (7) (8) (9) (10) . Because the chromodomain of Pc binds to H3 histone tails trimethylated at lysine 27, this mark has been proposed to be specific for the recruitment of the PRC1 complex, leading to a subsequent silencing of the target gene (11) . Most recently, the Pho repressive complex (PhoRC) has been identified that consists of the two PcG proteins Pleiohomeotic (Pho) and dSfmbt (12) . Both proteins are crucial for HOX gene silencing with Pho sequence specifically binding to DNA and dSfmbt recognizing the tails of histones H3 and H4 mono-or dimethylated at H3K9 and H4K20 (12) .
Maintenance of the active gene expression state utilizes an antisilencing function of the TrxG proteins, requiring at least two enzymatic activities. A nucleosome remodelling activity is provided by the BRM complex that, however, besides counteracting PcG-silencing is involved in more general aspects of gene transcription (6) . Additionally, covalent modifications of histones, mediated by TrxG factors such as Trx, Ash1, and their interaction partners, were found to be of importance for a stable maintenance of the active state (10, (13) (14) (15) (16) . Trx is present in the TAC1 complex that contains the histone acetyltransferase dCBP (13) . The role of histone acetylation in PcG/TrxG-dependent processes is supported by the observation that disruption of PRE-mediated silencing in Drosophila transgenes is accompanied by local accumulation of hyperacetylated histone H4 (17) . Currently it is unclear how the interplay between DNA elements, histones and their modifications, and the PcG/TrxG-chromatinassociated proteins results in a stable gene expression state, which is heritable through DNA replication and mitosis. A key to the understanding of the molecular mechanisms is to uncover the chromatin sites of action of the PcG/TrxG proteins and to correlate their binding patterns with the presence of histone modifications as well as with the expression level of their target genes. The advent of ChIP maps demonstrated an accumulation of PcG/TrxG proteins at PREs and some of the associated promoters (18, 19) . Interestingly, PcG proteins were found to be bound at PREs, even if the associated gene was active (20, 21) . In addition, a recent study that concentrated on the HOX gene Ultrabithorax (Ubx) in Drosophila imaginal discs showed that members of the PRC1/2 complexes and Trx are constitutively bound at the regulatory sites of Ubx regardless of its activity state (16) . Because there is strong evidence that the function and composition of PcG complexes is modulated in different tissues (22) and in different chromatin environments (21, 23) , we wanted to generate high-resolution protein distribution data to uncover possible regulatory hallmarks for the different expression states.
To address this intention we generated a DNA tiling array that comprises the ANT-C and the BX-C as a series of overlapping 1-kb PCR fragments and thus covers several HOX genes. On the basis of this tiling array, we investigated the distribution of three core components of the PRC1 (Pc, Ph, and Psc), the DNA binding protein Pho, Trx, hyperacetylated H4, and H3K27me3 in two different Drosophila embryonic cell lines that show different expression states for the AbdB and Dfd genes. We observe that in particular the Pho protein depicts a distribution profile that reflects the expression state of the target gene. Several studies suggest the DNA binding protein Pho as a targeting factor for PRC1 (24) (25) (26) , whereas others have shown, by immunostaining of polytene chromosomes, that the binding of Pc, Ph, and Psc to most sites is not altered in pho, pho-like double mutants (pho-like encodes a Pho-related protein, which binds to the same DNA motif) (27) . So far our knowledge about Pho binding sites on chromatin has been limited to low-resolution polytene chromosome stainings and the PCR analysis of Ubx sequences and the iab-7 PRE after ChIPs (12, 16, 26) . To gain a better insight into the interdependency of Pho and PRC1, we investigated the distribution of Pho in the homeotic complexes. As indicated in Fig. 1 , Pho binds at many discrete sites and nearly all known regulatory regions in the silent BX-C and ANT-C.
Results

To
For a direct comparison, we also mapped the binding sites for PRC1 by chromatin immunoprecipitations of three core subunits of the complex, assuming that the simultaneous binding of Pc, Ph, and Psc at the same site occurs as part of a functional PRC1. The identified PRC1 sites are indicated in Fig. 1 , and the detailed profiles are shown in SI Figs. 6 and 7. The distribution of PRC1 in SF4 cells resembles the results of Schwartz et al. (28) who also used a Schneider cell derivative to map Pc and Psc sites. Remarkably, all promoter regions of the silent ANT-C genes are occupied by PRC1, including all alternative promoters of Antp and Scr (Fig. 1B , PRC1 sites 2, 5, 8, and 9). PRC1 site 13 is very closely located to lab, making it a candidate for a lab PRE. Scr8.2X is devoid of PRC1, unlike Scr10X, which is bound in the distal part (PRC1 site 7). The lack of PRC1 binding at Scr8.2X might be an indication for the tissue-specific requirement of PREs. In these embryonic cell lines, the inactive state of Scr is maintained without using Scr8.2, whereas other Scr regulatory regions are occupied by PRC1/Pho (Fig. 1 , Scr10X and PRC1 site 10). Additional binding sites can be found in intronic regions of Antp (PRC1 site 3, 4, and 6). Also in the BX-C PRC1 binds to discrete sequence elements and shows a nearly complete overlap in both cell lines ( Fig. 1 A and SI Figs. 6 and 7).
We found a strong correlation of Pho and PRC1 binding at most regulatory sequences of silent HOX genes ( Fig. 1) . We never observed Pho enrichment outside a PRC1 site in the silent condition. However, PRC1 binding might not exclusively depend on Pho as demonstrated at the lab and AntpP2 promoters.
An important function for the maintenance of HOX gene activity is the action of the Trx protein. In both cell lines we detected a complete coverage of PRC1/Pho sites with Trx at silent genes ( Fig.  1 ). This data set provides additional evidence against the simple model that PRC1 and Trx compete for binding regulatory sequences, at least not in the target genes' inactive state.
Active Versus Silent Transcription States. The AbdB gene contains several alternative promoters that are embedded in a complex regulated domain. The two different cell lines allowed us to compare this domain in the active and silent state (Fig. 2) . Previous studies revealed a central role of trimethylated H3K27 at PcG regulated genes (16, 28, 29) . Supporting this data, we detected H3K27me3 in broad regions encompassing entire inactive transcription units such as the AbdB domain in Kc cells ( Fig. 2 A Left and SI Figs. 6 and 7) . PRC1, Pho, and Trx are bound to all regulatory elements. The promoter regions are free of PRC1, Pho, and Trx. In the active AbdB domain we observed a rather different protein-binding pattern ( Fig. 2 A Right) . Here, H3K27me3 is absent in the region from the RE promoter to the Fab7 PRE; instead, we found hyperacetylated histone H4 (H4ac), which is a mark for ongoing transcription. PRC1 is still present at Mcp, iab6, and a fragment near the RE promoter and colocalizes with Pho and Trx. In contrast Fab7, iab8, and iab9* are devoid of a functional PRC1 complex, whereas Trx stays bound. Interestingly, Trx also occupies the promoter regions of the active AbdB transcription units RB, RD, and RA and of a noncoding transcript that is only present in the active AbdB domain (Fig. 2 A; D. Enderle and R.P., unpublished results). However, the most striking difference we observed was for the distribution of Pho. In contrast to PRC1, it is not absent from the PREs but seems to spread over the complete active chromatin domain.
The Dfd gene, which is active in Kc cells and inactive in SF4 cells, is much smaller than the AbdB gene and its regulatory region is less complex. For Dfd, only one PRE (pDfd*), located in the promoter region, was identified by an algorithmic PRE prediction approach (30) , which was confirmed as a binding site for PRC1 in our study. There were no other PRC1-bound sequence elements detectable surrounding Dfd, either in SF4 or in Kc cells.
Consistent with the situation of AbdB, in the inactive state, pDfd* is occupied by PRC1, Pho, and Trx, and the gene is covered by H3K27me3 (Fig. 2B Left) . In the active state, we observed several differences compared with AbdB (Fig. 2B  Right) . All proteins remain enriched in the pDfd*, PRC1 is present, and Trx and Psc are enriched at two independent sites in the intron. The occurrence of Psc and Trx prompted us to check for an intronic transcript in this region that would provide evidence for an active PRE. Indeed, we detected an antisense transcript covering the Psc/H4ac peak in the active, but not in the inactive state (Fig. 2C) . Despite the small size of the Dfd gene, a spreading of Pho over at least five fragments covering a region of 4 kb is visible, which confirmed our observation in the active AbdB domain.
Pho Plays a Role in Actively Transcribed Genes. We previously used a transgenic reporter system to study the function of noncoding transcription through the Fab7 PRE (31) . In this reporter system transcription through the Fab7 element driven by a constitutively active actin5c promoter leads to the activation of the coupled miniwhite marker, whereas in the absence of the actin5c promoter Fab7 is not transcribed and acts as a silencer for miniwhite. Here we used immunostaining of polytene chromosomes to investigate whether transcription through the Fab7 PRE on the pFAs transgene also leads to a spreading of Pho. In the absence of the actin5C promoter, the repressed Fab7 PRE generated a new binding site for Pho on polytene chromosomes, which was absent in wild type (Fig.  3 A-C and G-I) . When the silencing function of Fab7 was abolished by transcription from the actin5C promoter, we observed more intense Pho staining at the transgenic construct (Fig. 3 D-F) .
We also observed strong Pho signals at many puffs, which are regions with high transcription rates (data not shown). This finding suggested that Pho may also be involved in more general aspects of gene regulation. To test this hypothesis we prepared polytenes from heat-treated larvae and stained them with antibodies for Pho and serine-5-phosphorylated RNA polymerase II (Pol II). Indeed, chromosomes showed a strong Pho staining covering several heatshock loci, where ''puffing'' is initiated in response to induction (Fig.  4A) . Altogether, Ϸ50% of all Pho bands colocalized with predominantly strong signals of active Pol II, suggesting that Pho primarily acts at highly induced genes. These results supported the spreading of Pho in active chromatin domains observed in the ChIP-on-chip approach and furthermore implicate a general role for Pho in actively transcribed genes.
Next we asked for the functional relevance of the observed Pho distribution by investigating the heat-shock-induced expression of the hsp70 gene in pho mutant larvae. We monitored the abundance of the hsp70 transcript during and after heat shock by RT-PCR of RNA isolated from larvae that were either wild type or homozygous for pho 1 , a protein-negative allele of pho (12) . As shown in Fig. 4 , we observed no significant difference at 30 min of heat shock and 1 h of recovery after heat-shock treatment. However after 3 and 5 h of recovery, the level of hsp70 transcript was still significantly higher in pho 1 mutant larvae compared with wild type. This result suggests that the spreading of Pho on transcribed regions is not correlated to a function in activation but pinpoints a possible functional role in the rerepression of a gene after down-regulation of the transcriptional stimulus.
Discussion
In this work we used two Drosophila tissue culture lines to map the distribution of chromatin proteins required for the transcriptional maintenance of the HOX genes. Although compromising on the precise developmental identity, the tissue culture cells provided us with biochemically tractable homogeneous material, which currently would be difficult to obtain from whole animals. We believe that this choice was important to obtain the sharply delineated ChIP profiles, which show a highly significant correlation to mapped genetic elements in the two homeotic complexes. As such, the protein patterns obtained seem to reflect a valid situation as found in material from whole animals. In addition, the ChIP profiles uncovered a new function of Pho, which could be confirmed in whole animals.
Our results for SF4 cells are consistent with the data obtained by Schwartz et al. (28) who also used a Schneider cell derivative for ChIP studies (29) . PRC1 binds to discrete sequence elements, whereas H3K27me3 covers large genomic domains, including genic and intergenic regions. These observations indicate that H3K27me3 cannot be solely responsible for PRC1 targeting. How these H3K27 methylated domains influence HOX gene expression and whether the broad methylation pattern is the cause or consequence of gene silencing remains unclear. H3K27me3 may prevent the binding of activating protein factors as e.g., chromatin remodeling complexes and/or prevent the establishment of activating histone modifications. To this regard, we detect a complementary pattern of H3K27me3 and H4ac, which is present in active gene regions.
Several lines of evidence suggest that PcG proteins propagate their silencing effect by the direct interaction with the promoter region, which results in the inhibition of transcription initiation (16, (32) (33) (34) . In agreement with that, all promoter regions of the silent ANT-C HOX genes are occupied by PRC1. However, the Ubx promoter, which is silent in both cell lines, as well as the silent AbdB transcription units in Kc cells, are devoid of PRC1. Here, probably the numerous PREs, which are occupied by PRC1 in the Ubx and AbdB domains, build up a special chromatin structure that maintains the silent transcription state.
In agreement with the observed H3K27me3 pattern in Drosophila cells, in mammalian Hox clusters inactive domains are covered by H3K27 and active domains are found entirely covered by H3K4 methylation (35, 36) . In contrast, the distribution of the enzymes setting the histone marks are completely different. In Drosophila E(Z), Trx, and Ash1 are bound at discrete sequence elements (this study and refs. 16, 28, and 29) , whereas the mammalian homologues EZH2 and MLL1 localize to extended regions coincident with the methylation signals (36, 37) . MLL1 acts as a functional human equivalent of yeast Set1 (36) . Both proteins colocalize with RNA Pol II at the transcription start site of highly expressed genes and catalyze the trimethylation of H3K4 at this location (36, (38) (39) (40) (41) . Only at active Hox genes MLL1 reveals a different binding behavior covering entire active chromatin domains. In contrast, our data shows that Trx also localizes to promoter regions of silent HOX genes and does not show the spreading behavior of MLL1 but appears at additional discrete sites. We observe a complete colocalization of Trx with PRC1 sites at silent genes, i.e., in this expression state no obvious competition is taking place with regard to binding sites.
What Defines the Active State?. The comparison of the AbdB gene with the Dfd gene shows that the maintenance of the active state can be performed in alternative ways. The absence of PcG complexes does not seem to be a prerequisite of the active state as observed at the promoter of Dfd in this study and at regulatory regions of Ubx in imaginal discs (16) .
In the active AbdB domain Ph stays bound in a minor but significant amount, and Psc is present in the active Dfd intron. In this regard, Ph and Psc could serve as recruiting platforms for other PRC1 subunits in case of the gene switching to the off state. However, both proteins have been reported to be associated with active genes (21) . Consistent with this, we also observe Ph in the proximal part of both homeotic complexes binding actively transcribed non-HOX genes (SI Fig. 8 ). The function of this binding behavior remains elusive.
The transcription of noncoding RNAs (ncRNAs) seem to play an important, although diverse, role in the regulation of the BX-C. Petruk et al. (42, 43) found that noncoding transcription through the bxd PRE is crucial for Ubx repression and that transcription through Mcp overlaps with AbdB transcription in the embryo. Work from others and our laboratory showing that ncRNA transcription in the AbdB domain coincides with an active AbdB gene indicates a nonuniversal, gene specific function for ncRNAs in the BX-C (31, 43, 44) .
In the silent state PRC1 is bound to all PREs in the AbdB domain and might be recruited by the action of sequence-specific factors like Pho and the E(Z) histone methyltransferase activity, which may also mark the entire domain as being inactive (29, 44) . In the active AbdB domain, ncRNA transcription may directly influence the binding of of PRC1 and E(Z) or may trigger the enzymatic activity of Trx. Consistent with this scenario, Trx has recently been shown to bind single-stranded DNA and RNA in vitro (45) . The switch of Trx into an activating mode could lead to the methylation of histones and/or other proteins setting positive transcriptional marks and modulate their activity, respectively. In this case, the displacement of PcG proteins could be directly caused by the Trx action. The binding of Trx to the promoter regions of the active AbdB transcription units could either be caused by (transient) chromatin looping events bridging Trx-bound PREs with the promoters, or Trx could be recruited independently to the active HOX promoters by interaction with RNA Pol II, similar to MLL1, which is recruited to actively transcribed genes in mammalian cells. Trx-and TAC1-interacting histone acetyltransferases may then be responsible for setting epigenetic marks that maintain the active transcription state. Petruk et al. (42) showed that Trx is required for transcription elongation and that it is localized in the gene body of active Ubx, caused by the interaction with elongation factors. In contrast, Papp and Muller (16) , who investigated the distribution of PcG and TrxG proteins at the active and repressed Ubx gene in imaginal discs, found the same restricted Trx profile as we did, namely Trx binding at discrete sites. These differences may be explained by the different Trx antibodies used. Trx is most probably proteolytically processed like human MLL which results in two fragments that form a heterodimeric complex (46, 47) . Whereas the antibody used by Petruk et al. (42) recognizes the N-terminal fragment of the protein, ours, as well as the antibody used by Papp et al. (16) , recognizes the C-terminal fragment. This raises the intriguing question whether the complete heterodimeric Trx complex might get recruited to the promoter and upon gene induction the N-terminal fragment tracked along the gene body together with elongation factors, whereas the C-terminal fragment stayed at the promoter.
Pho Is Involved in the Rerepression of Induced Genes. We generated Pho maps to investigate its role in the recruitment of PRC1. However, the distribution of Pho suggests that the protein also functions in the gene body of actively transcribed genes. The immunostaining of polytene chromosomes revealed that Pho seems not only to be limited to HOX gene control but plays a general role in gene regulation. The colocalization of Pho with strong signals of active Pol II on polytenes together with the effect of a pho-null mutation on the recovery of induced hsp70 indicates that Pho may be directly involved in the rerepression of highly active genes.
It is difficult to imagine that the spreading of Pho is the result of the ability of this protein to bind sequence specifically to DNA. Instead, we propose a model in which Pho either acts directly at the Pol II elongation complex or it interacts with a remodeling complex, carrying it along the chromatin fiber. In this line, Pho has been shown to interact with BRM and dINO80, two nucleosome remodeling complexes (12, 25) . Interestingly, heat-shock gene transcription is independent of BRM but involves the recruitment of the TAC1 complex, possibly through multiple interactions with the elongating Pol II complex (48, 49) . The simultaneous action of Trx and Pho at heat-shock genes is striking and might resemble their antagonistic functions at HOX genes. Further studies are necessary to unravel the exact molecular mechanism of Pho in this process.
Concluding Remarks. Compared with previously published data, our results provide evidence for the notion that the PcG/trxG system is highly dynamic, acting tissue and probably even gene specific. Papp and Muller (16) reported no difference for the binding of Pho, Trx, and PRC1 at the active respectively inactive Ubx gene in larval imaginal discs. This is similar to the situation observed at the Dfd gene but rather different to our data for the AbdB domain. Instead of additional Trx binding sites, the HMT Ash1 is present at active Ubx, which might resemble the function of Trx. Remarkably, Pho has not been detected in the gene body of active Ubx. Assuming that Pho plays a role in the repression of highly induced genes, this function might not be necessary in larval cells, which are already determined to build up a wing. These cells are probably less plastic and more fixed regarding their gene expression state than the embryonic tissue culture cells used in our study. PRC1 absence at the active AbdB domain and the Ubx promoter in embryonic cells on the one hand and its constitutive binding at the PREs and promoter of Ubx in imaginal discs on the other hand is consistent with the observation of Negre et al. (50) . They performed a developmental ChIP study with Pc and Ph and show that the association of PRC1 to its target chromatin is dynamic in many cases.
In summary we can conclude that the ChIP studies published so far have been a first step to gain insights into the complex function of PcG/TrxG proteins but more comprehensive high resolution data sets that correlate gene expression state with chromatin composition will be required to describe and understand the cellular memory system in a predictable manner. Göttingen, Germany) cells were cultured in Schneider's Drosophila medium (Invitrogen, Carlsbad, CA) supplemented with 10% FCS. Chromatin fixation and immunoprecipitation were performed essentially as described in ref. 51 . Cells (1 ϫ 10 9 ) were fixed in 200-ml medium with 1% formaldehyde for 10 min at room temperature. Cross-linked cells were sonicated to produce chromatin fragments of an average size of 500-1,000 bp. Soluble chromatin was separated from insoluble material by centrifugation. The supernatant containing chromatin of 5 ϫ 10 7 cells was taken for immunoprecipitation. Psc and Ph antibodies were described in ref. 21 . Pc and Trx antibodies recognizing the C-terminal 199 aa of Pc and residues 2388-2674 of Trx, respectively, were produced in rabbits and were affinity purified. Antibodies against Pho were obtained from J. Müller (European Molecular Bliology Laboratory, Heidelberg, Germany), and antibodies against H3K27me3 were obtained from T. Jenuwein (Research Institute of Molecular Pathology, Vienna, Austria). Anti-acetyl-histone H4 was purchased from Upstate, Lake Placid, NY (catalog no. 06-866). DNA amplification, array hybridization, construction, and analysis of the microarrays are described in SI Text.
Materials and Methods
Analysis of Polytene Chromosomes. Immunostaining of polytene chromosomes was largely performed as described in ref. 52 . Details can be found in SI Text.
Collection of pho 1 Mutant Larvae, Heat Treatment, and RT-PCR. pho 1 homozygous larvae were collected from a stock that was ey-GAL4/ey-GAL4;ϩ;pho 1 /GS15194. Larvae homozygous for pho 1 do not express GFP. GS15194 flies were obtained from DGRC (Kyoto, Japan). It contains a UAS-GFP transgene insert close to the pho gene that can be used as a marker for the fourth chromosome. ey-GAL4 flies were obtained from W. Gehring (University of Basel, Basel, Switzerland). pho1/pho1 and wildtype larvae were incubated at 37°C for 30 min. The recovery followed at 22°C. At the indicated time points (Fig. 4) , two to three larvae were snap-frozen in liquid nitrogen. Larvae were homogenized in TRIzol reagent (Invitrogen), and the RNA was isolated according to the manufacturer's instructions. Two nanograms of RNA was taken to detect the transcripts for hsp70 and rp49 (as standard) by RT-PCR using the FideliTaq PCR Master Mix (GE Healthcare, Piscataway, NJ) according to the manufacturer's instructions. Primer sequences hsp70, 5Ј-CGATCT-GGGCACCACCTACTC and 5Ј-CGTGGGCTCATTGAT-GATGCG; rp49, 5Ј-CGGATCGATATGCTAAGCTG and 5Ј-GAACGCAGGCGACCGTTGGGG. The RT-PCR program was as follows: 20 min at 50°C, 3 min at 94°C, 33ϫ(20 sec at 94°C, 45 sec at 55°C, 1 min at 68°C), 5 min at 68°C. The ethidiume bromide-stained agarose gel was photographed, and the bands were quantified with AIDA (Raytest, Straubenhardt, Germany). ey-GAL4 and the insertion of GS15194 do not show an effect on the heat-shock response (data not shown).
